C h a r a c t e r i s t i c t r a n s i e n t s h a p e s w e r e o b s e r v e d f o r free magnetic bubble domains during gradient translat i o n and overshoot using high speed photography with 1 0 nsec laser p u l s e i l l u m i n a t i o n .
1 0 nsec laser p u l s e i l l u m i n a t i o n .
The two f l a n k s of t h e bubble start t o expand t r a n s v e r s e l y t o t h e d r i v e n mot i o n d i r e c t i o n a t a b o u t . 5 y s e c a f t e r t h e o n s e t of a 7 . 4 Oe/rad, 2 p s e c g r a d i e n t f i e l d p u l s e .
They expand t r a n s v e r s e l y a t 2.6 mlsec and c o n t i n u e f o r 3 Usec a f t e r t h e t e r m i n a t i o n o f t h e g r a d i e n t p u l s e . D u r i n g t h i s exp a n s i o n , t h e t i p o f t h e f l a n k s move l o n g i t u d i n a l l y a t 2.6 m/sec lagging behind the bubble center moving a t 5.3 m / s e c . C o n s i d e r a b l e s c a t t e r e x i s t s i n t h e t r a n sv e r s e m o t i o n a f t e r t h e d r i v e n p h a s e e s p e c i a l l y i n t h e recovery where some b u b b l e s r e q u i r e as long as 1 5 y s e c t o r e g a i n t h e i r round shape.
The transverse expansion w a s found to be independent of t h e b i a s compensation a p p l i e d ; h o w e v e r , t h e t r a n s i e n t d i s t o r t i o n d u r i n g t h e driven phase and the recovery time from the transverse expansion were sensitive to the compensation. This transverse motion as w e l l as t h e t r a n s i e n t s h a p e o f t h e b u b b l e c a n b e e x p l a i n e d q u a l i t a
t i v e l y on t h c b a s i s o f a model i n v o l v i n g o p p o s i t e w i n d i n g v e r t i c a l B l o c h l i n e s .

INTRODTJCTION
F r e e b u b b l e g r a d i e n t t r a n s l a t i o n is one of t h e most commonly used techniques to characterize the dynamics of magnetic bubble domains. Especially i n as-grown a rn e t s a m p l e s , t h e r e c e n t d i s c o v e r y of t h e o v e r s h o~t (~-~) and the ~r e e p (~9~) h a s shown that the dynamics of bubb l e t r a n s l a t i o n is more complex t h a n i n i t i a l l y assumed and that high speed photography i s a n e s s e n t i a l t o o l f o r t h e i n v e s t i g a t i o n o f g r a d i e n t t r a n s l a t i o n . V e r t i c a l wall twists,i.e., o p p o s i t e w i n d i n g v e r t i c a l B l o c h -l i n e s , w e r e f o u n d t o e x i s t i n b u b b l e s a f t e r g r a d i e n t t r a n s l ationC7) and were subsequently shown t o b e a major source of the translational overshoot and creepC6).
In t h i s p a p e r new and d e t a i l e d o b s e r v a t i o n s on f r e e bubb l e s d u r i n g g r a d i e n t p r o p a g a t i o n w i l l be presented. Exp a n s i o n o f t h e b u b b l e i n t h e d i r e c t i o n t r a n s v e r s e t o t h e t r a n s l a t i o n d i r e c t i o n ( 8 ) is observed during the d r i v e n t r a n s l a t i o n and was found t o c o n t i n u e f o r s e v e r a l p s e c a f t e r t h e t e r m i n a t i o n of t h e g r a d i e n t f i e l d p u l s e . T h i s t r a n s v e r s e m o t i o n a s well as t h e t r a ns i e n t s h a p e o f t h e b u b b l e w i l l be explained on t h e basis of v e r t i c a l w a l l twist g e n e r a t i o n d u r i n g t h e d r i v e n t r a n s l a t i o n and subsequent relaxation of t h e r e s u l t i n g dynamic s t r u c t u r e d u r i n g o v e r s h o o t .
EXPERIMENT
Multiple exposures of free magnetic bubble domain were recorded on v i d e o t a p e u s i n g a n o p t i c a l s a m p l i n g microscope(9) with 10 n s e c laser p u l s e i l l u m i n a t i o n and a s i l i c o n i n t e n s i f i e d t a r g e t (SIT) TV camera with an image persistancy of 60 msec. Multiple exposure recordi n g was done by f l a s h i n g t h e l a s e r s e v e r a l times d u r i n g t h e image r e t e n t i o n time thus superimposing the images o n t h e s i l i c o n t a r g e t .
A g r a d i e n t f i e l d was obtained by pulsing current through a p a i r of c o p p e r p a r a l l e l cond u c t o r s w i t h 1x30-pm cross-section and 130
Um separation. Bubbles were p o s i t i o n e d -41.1 from t h e c e n t e r and primed before every translation by a sequence of weak g r a d i e n t f i e l d p u l s e s (-.6 Oe/rad) followed by two b i a s f i e l d e x p a n s i o n p u l s e s 1 0 O e i n magnitude for 2 ysec. The b u b b l e s w e r e t h e n t r a n s l a t e d by a s i n g l e g r a d i e n t f i e l d p u l s e . A bias compensation pulse was used toprope r l y a d j u s t t h e b i a s d u r i n g t h e g r a d i e n t p u l s e . T h i s p u l s e c o m p e n s a t e d f o r t h e o r i g i n a l s t a r t i n g p o s i t i o n as well a s t h e c h a n g i n g c e n t e r of t h e moving bubble where t h e c e n t e r o f t h e moving bubble was c o n s i d e r e d a s t h e middle between the front and rear w a l l along the propag a t i o n d i r e c t i o n .
The compensation p u l s e v a r i e d l i nearly from 8 Oe t o 25 Oe f o r F i g . 'ole b e f o r e t h e t r a n s l a t i o n ; s e c o n d is t h e t r a n s i e n t bub-(f) 3 . 4 , (g) 4 . 2 , ( h ) 5 . 5 , ( i ) 8, and (j) 1 1 . 3 wsec a f t e r t h e o n s e t of a 7 . 4 Oe/rad, 2 p s e c g r a d i e n t f i e l d p u l s e ; t h i r d Ys t h e s t a t i c s h a p e a f t e r t h e end of t h e t r a n s l a t i o n a l o v e r s h o o t ; f o u r t h i s t h e s t a t i c s h a p e a f t e r t h e b i a s f i e l d p u l s i n g . C r o s s i s 4 pm.
f i e l d p u l s e , t h e moving bubble a t a s p e c i f i c time a f t e r t h e o n s e t of t h e g r a d i e n t f i e l d p u l s e , t h e s t a t i c b u b b l e a f t e r t h e o v e r s h o o t a n d , f i n a l l y , a f t e r t h e c r e e p . The time of t h e t r a n s i e n t e x p o s u r e a f t e r t h e o n s e t of t h e g r a d i e n t f i e l d p u l s e i s i n d i c a t e d i n t h e f i g u r e c a p t i o n . The b i a s was compensated t o w i t h i n + . 8 O e d u r i n g t h e g r a d i e n t p u l s e .
A 75 Oe b i a s f i e l d was a p p l i e d t h a t i s 9 Oe above the strip-out and 15
Oe below DC c o l l a p s e .
The details of the overshoot and the creep have been discussed elsewhere(6) ; however, the overshoot and the creep exposures are included here as a r e f e r e n c e w h i l e f o c u s i n g a t t e n t i o n on t h e t r a n s i e n t b u b b l e s h a p e .
T r a n s i e n t s h a p e d i s t o r t i o n starts a s a t r i a n g u l a r d e f o r m a t i o n i n t h e f r o n t o f t h e b u b b l e a b o u t 0.4 Usec a f t e r t h e o n s e t . of t h e g r a d i e n t f i e l d p u l s e , as s e e n i n The d e f o r m a t i o n a l s o o c c u r s i n t h e r e a r a s i t f i r s t becomes f l a t and then, as t h e d r i v e n t r a n sl a t i o n p r o c e e d s , t h e r e a r wall curves forward. Thewall s e c t i o n s a t t h e e n d s of t h e two flanks can be seen moving outward and lagging behind the center of the bubble. This transverse expansion of t h e b u b b l e starts a t about . 5 p s e c a t about the same time as the shape deformation becomes observable. By t h e end of t h e p u l s e , F i g . I d , t h e t i p s of t h e two f l a n k s h a v e f a l l e n w e l l behind the middle portion of t h e b u b b l e a n d t h e t r a n s v e r s e expans i o n , as well as t r i a n g u l a r d i s t o r t i o n , are well establ i s h e d . D u r i n g o v e r s h o o t , t h e t r i a n g u l a r d e f o r m a t i o n i n t h e f r o n t d i s a p p e a r s i n less than .5 Usec (Fig. l e ) while the transverse expansion can be seen to continue u n t i l a t least 6 v s e c a f t e r t h e end of the pulse (Fig.  l i ) . During this phase of the motion, the shape of t h e b u b b l e l o o k s l i k e a s h o r t s t r i p e w i t h t h e two ends bent s l i g h t l y toward t h e rear. F i n a l l y , t h e r e c o v e r y a f t e r the transverse expansion proceeds a t a much slower r a t e than the expansion.
The q u a n t i t a t i v e r e s u l t s of t h e t r a n s v e r s e d i s p l a c ements as well as t h e r e l a t e d t r a n s l a t i o n a r e shown i n Fig. 2 . Curve (a) shows t h e l o n g i t u d i n a l d i s p l a c e m e n t i n t h e down g r a d i e n t d i r e c t i o n of t h e b u b b l e c e n t e r as a f u n c t i o n of time. Curve (b) shows t h e l o n g i t u d i n a l d i s p l a c e m e n t ( i n t h e down g r a d i e n t d i r e c t i o n ) and curve ( c ) t h e t r a n s v e r s e d i s p l a c e m e n t ( n o r m a l t o t h e g r a d i e n t d i r e c t i o n ) o f t h e t i p s of t h e two f l a n k s o f t h e b u b b l e as a f u n c t i o n of time. The d r i v e p a r a m e t e r s a r e t h e same as f o r F i g .
The numbers used f o r t h e d a t a p o i n t s i n d i c a t e t h e s t a r t i n g l o c a t i o n
of t h e t r a n s l at i o n w i t h r e s p e c t t o t h e c e n t e r of t h e p a r a l l e l g r a d ie n t c o n d u c t o r s i n u n i t s of pm. The b i a s f i e l d compens a t i o n p u l s e is a d j u s t e d so t h a t number' 5 r e p r e s e n t s t h e p r o p e r l y compensated bubble, lower numbers overcompensated and higher numbers undercompensated..
It can b e s e e n t h a t t h e l o g i t u d i n a l m o t i o n of t h e c e n t e r o f t h e bubble ( Fig.   2 curve a) is n o t s e n s i t i v e t o compensation d u r i n g t h e d r i v e n t r a n s l a t i o n w i t h v e r y l
i t t l e s c a t t e r e v i d e n t , as was p r e v i o u s l y o b s e r v e d f o r s h o r t e r t r a n sl a t i o n s a t t h i s d r i v e ( 6 ) .
A
v e l o c i t y of 5.3 m/sec i s o b s e r v e d t h a t is c o n s i s t e n t w i t h t h e s a t u r a t i o n v e l o ci t y measured by r a d i a l e x p a n s i o n f o r t h i s sample'. A t t h e end of t h e g r a d i e n t p u l s e , however, the motionseems t o n e a r l y s t o p e v e n t h o u g h t h e b u b b l e c e n t e r w i l l u l t imately move another 7 Urn, s i n c e t h e a v e r a g e t o t a l d i splacement a f t e r o v e r s h o o t is 1 6 pm. The increased s c a t t e r i n o v e r s h o o t , p r e v i o u s l y o b s e r v e d , i s a l s o c l e a r l y e v i d e n t h e r e .
When t h e l o n g i t u d i n a l d i s p l a c ement of t h e b u b b l e f l a n k s i s observed (Fig. 2 c u r v e b ) , i t c a n b e s e e n t h e f l a n k s l a g b e h i n d t h e c e n t e r , moving a t 2.6 m/sec compared t o 5 . 3 mJsec and t h a t t h e i r mot i o n seems unaffected by t h e end of t h e g r a d i e n t p u l s e . T r a n s v e r s e e x p a n s i o n c a n c l e a r l y b e s e e n , s t a r t i n g a t about .5 Usec a f t e r t h e o n s e t of t h e g r a d i e n t f i e l d pulse. The f l a n k s e x p a n d l i n e a r l y w i t h r e s p e c t t o t i m e w i t h a v e l o c i t y of 2 . 1 m/sec and continue after the 2 Vsec g r a d i e n t f i e l d p u l s e w i t h no noticeable change i n e x p a n s i o n r a t e b e f o r e r e a c h i n g t h e maximum expansion.
The recovery rate i s much slower with from
t o 1 6 psec required f o r b u b b l e s t o r e g a i n t h e i r s t a t i c c i r c ular shape. As i n d i c a t e d by t h e numbers on t h e f i g u r e , t h e m a j o r f a c t o r i n t h e s c a t t e r of t h i s r e c o v e r y is t h e degree of bias field compensation. Overcompensated
bubbles have a smaller maximum transverse expansion and f a s t e r r e c o v e r y r a t e . It was previously shown(6) t h a t v e r t i c a l wall twists a r e t h e dominant f a c t o r i n t h e e x p l a n a t i o n of overshoot and creep. For bubbles i n d r i v e n t r a n s l a t i o n , v e r t i c a l wall twists are continuously generated at the front and r e a r wall and pushed t o t h e f l a n k s by the g-force formi n g a bundle of VBL'S of one sense on one flank and of t h e o p p o s i t e s e n s e on t h e o t h e r . For long driven transl a t i o n s , t h e s e VBL's become overcrowded and s e e k t o f i n d more room by extending the perimeter of the bubble. This a c t i o n i s s i m i l a r t o t h e d e p e n d e n c e o f s t r i p l e n g t h on a p p l i e d f i e l d ( l O ) A rough estimate t o t h e maximam number of VBL's involved i n a bundle can be made from t h e maximum r e l a t i v e o s c i l l a t o r y p r e c e s s i o n on the aximuthal a n g l e i n t h e wall (YAH,) with each t w i s t g i v i n g a VBL p a i r . F o r t h e p r e s e n t e x p e r i m e n t , VBL'S would be gene r a t e d a t a rate of 26 VBL's/psec a t t h e f r o n t and r e a r w a l l o r 52 VBL's/Vsec added t o t h e b u n d l e on e a c h f l a n k .
l t o t h e g r a d i e n t , ( b ) t i p p a r a l l e l t o t h e g r a d i e n t , ( c ) t i p normal t o t h e g r a d i e n t as a f u n c t i o n of t i m e a f t e r t h e b e g i n n i n g of a 7.4 Oelrad, 2 p s e c g r a d i e n t f i e l d p u l s e . Numbers i n t h e c u r v e s i n d ic a t e t h e d
Using the VBL l e n g t h c a l c u l a t e d by Hubert(11) (Lo=O. 5m), a VBL bundle 1 3 pm long would b e on one flank a t t h e t i m e d i s t o r t i o n s t a r t s (0.5 psec) compared t o 15 p h a l f bubble perimeter and at t h e end of t h e p u l s e t h e b u n d l e would b e 52 pn compared t o t h e measured 22 pn half perimeter.
Such an estimate n e g l e c t s many d e t a i l s b u t d o e s show t h a t i t i s p o s s i b l e and reasonable to have overcrowding of t h e VBL b u n d l e a s t h e f l a n k s become a domi n a n t s o u r c e f o r t h e w a l l motions involved.
The v e r t i c l e w a l l t w i s t model accounts f o r t h e det a i l s of t h e t r a n s i e n t m o t i o n s e e n i n F i g .
l. F o r t h e b u b b l e s i n d r i v e n t r a n s l a t i o n , t h e g -f o r c e s t e n d t o comp r e s s t h e c l u s t e r o f t h e VBL on t h e t i p s of t h e f l a n k s The stress on t h e s e t i p s i n c r e a s e s a s more VBL'S a r e g e n e r a t e d . I f t h e o v e r a l l g -f o r c e on t h e t i p i s h i g h enough, i t w i l l push the tip outward and c a u s e t h e transverse expansion. The low mobility characteristics of t h e h i g h l y compressed VBL bundle w i l l s l o w t h e t r a n sl a t i o n v e l o c i t y of t h e t i p s and cause them t o l a g b e h i n d t h e b u b b l e c e n t e r .
When t h e g r a d i e n t p u l s e i s over, the front end, which has few VBL's, is pulled back q u i c k l y by w a l l t e n s i o n . The t i g h t l y wound VBL'S which were t r a i l i n g b e h i n d on t h e two f l a n k s r e l a x t o a less compressed, therefore, a l o w e r e n e r g y , s t r u c t u r e . T h i s r e l a x a t i o n r e s u l t s i n a forward motion of t h e VBL's toward t h e f r o n t as w e l l as toward the middle part of t h e bubble. The forward motion of the VBL's w i l l provide a g y r o s c o p i c e f f e c t f i e l d t o c o n t i n u o u s l y expand t h e two flanks outward. The motion of the VBL'S toward t h e middle of t h e r e a r w a l l would c a u s e a n e f f e c t i v e gyros c o p i c f i e l d t o move t h e r e a r w a l l forward. Since the transverse expansion of t h e t i p was caused by part of t h e VBL'S moving toward t h e f r o n t , t h e c e n t e r o f t h e t i g h t w i n d i n g s e c t i o n , w i l l l a g b e n i n d t h e t i p and r i d e on t h e r e a r w a l l . The f u r t h e r t r a v e l i n g o f t h e VBL'S t o t h e f r o n t o f t h e b u b b l e r e q u i r e s a propagation of the VBL'S along the outer edge of t h e t i p s which again prov i d e s a g y r o s c o p i c e f f e c t f i e l d t o expand t h e t i p s . A s can be seen on F i g . l ( g ) , ( h ) a n d ( i ) t h e s i z e of t h e two t i p s a r e b i g g e r t h a n t h o s e i n F i g . l ( f ) and (j) which a r e b e f o r e and a f t e r t h i s mode of motion. Finally t h e a n n i h i l a t i o n of t h e o p p o s i t e s e n s e VBL'S i n t h e midd l e f r o n t and back w a l l w i l l r e l i e v e t h e o v e r c r o w d i n g and a l l o w t h e s t r i p e t o c o n t r a c t b h c k w h i l e s t i l l prov i d i n g a m o t i v a t i n g s o u r c e f o r t h e t r a n s l a t i o n a l o v e rs h o o t a s d i s c u s s e d p r e v i o u s l y ( 6 ) .
The transverse expansion during the overshoot prov i d e s d i r e c t e v i d e n c e t h a t o n l y v e r t i c a l s t r u c t u r e s a r e important in bubble overshoot. The total bubble wall l e n g t h c o n t i n u e s t o i n c r e a s e d u r i n g o v e r s h o o t s o t h a t h o r i z o n t a l s t r u c t u r e s t h a t m i g h t b e i n t h e wall would b e i n c r e a s i n g i n l e n g t h , a n i m p o s s i b i l i t y i f t h e s e same s t r u c t u r e s a r e t h e o n e s p r o v i d i n g t h e e n e r g y n e c e s s a r y t o c o n t i n u e t h e t r a n s l a t i o n a l m o t i o n .
It can be clearl y c o n c l u d e d t h a t h o r i z o n t a l s t r u c t u r e s must play a minor r o l e i n t h e o v e r s h o o t p r o c e s s . Double exposure photographs of t h e b u b b l e a t t h e beginning and the end of g r a d i e n t f i e l d p u l s e w i t h v a r i o u s d e g r e e s o f b i a s f i e l d c o m p e n s a t i o n i s shown i n Fig. 3 . A 2 w e c l i n e a r r i s e b i a s f i e l d p u l s e w i t h t h e begiming and the end magnitude of 13 and 49 Oe was used. Due t o t h e d i f f e r e n c e s i n t h e i n i t i a l s t a r t i n g location, bubbles Fig. 3(a)-(d) experienced a b i a s f i e l d change of -1 Oe, 0 Oe, 6 Oe and 7.6 Oe, r e s p e c t i v e l y . Again the transverse expansion can be clearly seen.
I t c a n b e s e e n t h a t b i a s f i e l d c o m p e n s a t i o n h a s a s i g n i fi c a n t e f f e c t on t h e t r a n s i e n t b u b b l e s h a p e .
The shape d i f f e r e n c e s i n d i c a t e t h a t t h e d i s t r i b u t i o n of VBL'S a r e v e r y s e n s i t i v e t o t h e b i a s f i e l d c o m p e n s a t i o n and hence, should be the dominant cause for the observed scatter overshoot as w e l l a s s c a t t e r i n t h e o v e r s h o o t a n g l e . Fig. 3 . Double exposure photographs of the magneticbubb l e ; l e f t i s t h e s t a t i c s h a p e b e f o r e t h e t r a n s l a t i o n a n d r i g h t i s t h e t r a n s i e n t s h a p e a t t h e end of a 16 Oe/rad, 2 p s e c g r a d i e n t f i e l d p u l s e . B i a s c h a n g e a t t h e b e g i nn i n g o f t h e p u l s e i s (a) -1 Oe, (b) 0 Oe, (c) 6 Oe and (d) 7.6
Oe. Bubble i s 9.2 Vm diameter.
CONCLUSION
Bubble d i s t o r t i o n and transverse expansion was obs e r v e d i n a n as-grown sample during and a f t e r a d r i v e n g r a d i e n t t r a n s l a t i o n .
The observed motion can be explained on t h e b a s i s of overcrowded v e r t i c a l w a l l t w i s t s but not Bloch-curves or Bloch-rings. Bubble distortion was shown t o b e v e r y s e n s i t i v e t o b i a s f i e l d compensat i o n a n d c o u l d a c c o u n t f o r t h e l a r g e s c a t t e r n o r m a l l y observed i n g r a d i e n t p r o p a g a t i o n e x p e r i m e n t s .
